The paper reports a study of slurry erosion of carburized AISI 5117 steel using whirling-arm rig. The 
Introduction
In mining, marine, chemical, oil gas, power generation industries and power transmission and building material industries, components of equipment which transport various slurries often fail in a relatively short time. This problem has been, and still of important world-wide concern and many researchers have been done on this topic [1] [2] [3] [4] [5] [6] . Usually, steels used in slurry equipment are subjected to some processes of surface treatment to improve their erosion resistance. One of these processes is carburizing. Carburizing is the addition of carbon to the surface of low-carbon steels at temperatures (generally between 850 and 950 °C) at which austenite, with its high solubility for carbon, is the stable crystal structure. Hardening is accomplished when the high-carbon surface layer is quenched to form martensite so that a high-carbon martensitic case with good wear and fatigue resistance is superimposed on a tough, low-carbon steel core. Of the various diffusion methods pack carburizing is one of the most widely used surface hardening processes. This method has the following advantages: ease of operation; adaptability and portability of its equipment; ability to heat-treat component after surface-finishing (since there is little oxidation, decarburization or distortion); and the ease of producing deeper zones of case depth. AISI 5117 steel, which is an alloy steel, is used for machine elements such as cam shafts, gears and other power transmission elements after surface being treated by carburizing or nitriding. It has been shown that [7] [8] [9] , carburizing has improved the tribological properties of low carbon steel. Despite the fact that, the relationship between the increasing hardness of steels and enhanced erosion performance is well recognized in field practice, attempts to simulate such wear conditions in the laboratory and to provide the required data have not been marked by significant success.
The impact angle is one of the major test parameters that is associated with turbine operating conditions. Hydro turbine components are subjected to a wide range of impact angles at different locations [10] . Hence, an investigation of the erosion rate at different impact angles for carburized and untreated specimens gives an idea of the maximum erosion rate that may occur in particular test conditions. The aim of this study is to characterize the slurry erosion behaviour of carburized alloy steel AISI 5117 with the change of impact angle.
Experimental details

Materials
The test specimens were made from a commercial grade of alloy steel, namely AISI 5117. This type of Alloy steel is used because it provides good machinability and behaves well during heat treatment and quenching with respect to distortion, internal stresses and mechanical properties of surface and core. The chemical composition and mechanical properties of the specimen material are listed in Tables 1 and 2 , respectively. The test samples were machined from the above material in the shape of rectangular blocks with dimensions 23 mm × 10 mm ×10 mm. Prior to carburizing process, surface of specimens were polished using silicon carbide abrasive paper and cleaned by acetone to remove oxide layers and irregularities in order to enhance carbon uniformity. The specimens were packed in a stainless steel box filled with charcoal powder (carburizing agent) with 10% of calcium carbonate to prevent caking. The box was first filled with the carburizer compound about 20 mm thick which was then rammed flat and the specimens were placed about 25 mm away from the sides of the carburizing box. The specimens were carburized at a temperature of 950 o C for two different carburizing times of 6 and 12 h. All the specimens were quenched from the carburizing temperature in salt water and then they were tempered at 200ºC for one hour. Some of the treated specimens were sectioned, polished and etched with 2% nital solution for microstructure examination. Vickers microhardness was conducted using a Highwood HWDM-3 (TTS Unlimited Inc., Japan) instrument at load of 200 g. The microhardness profile was done using sample cross-sections. While the erosion specimens were carefully polished with silicon carbide abrasive papers up to 4000 grit. The weight losses were determined by using an analytic balance having sensitivity of 0.1 mg. Erosion specimens were cleaned by acetone and dried by an air blower before and after the test.
Slurry erosion testing procedure
Slurry erosion tests were performed using a slurry whirling arm rig, which is shown schematically in Figure1. The rig consists of three main units: a specimen rotation unit, a slurry unit, and a vacuum unit. Full description of this rig and how it works as well as its dynamics are found in Ref. [12] [13] [14] [15] . Two specimen holders are mounted on the ends of two aligned arms, which are tightened firmly to the whirling rotator and balanced for high-speed operation. The effective rotation diameter of the whirling arms is 248 mm. The rotor is driven by a variable speed motor. The specimen holders have tilting and locking facilities to adjust the required inclination of the test specimen. The specimen rotation unit provides impact velocity. During slurry erosion tests, only the front surface of specimen is exposed to the impinging slurry since the sides of the specimen are held by the specimen holder. The front surfaces of the specimens, test surfaces, were of dimensions 23 mm ×10 mm. The impact angle can be adjusted to a required value by rotating the specimen holder around its horizontal axis as shown in Figure2. The holders are mounted on the ends of the two arms of the rotator which is driven by a variable speed motor.
The used slurry whirling arm rig provides a homogenous stable slurry stream (a mixture of tap water and SiO 2 ). The velocity of falling slurry stream from the 3 mm diameter funnel orifice is 1.67 m/s, at the specimen surface, impacting every specimen at any pre-set angle between 0 deg and 90 deg. The impact angle (θ) and impact velocity (v) are correlated to ensure the intended value, which can be obtained from the velocity vector diagram of particle impact, as shown in Figure 2 . The distance between the funnel orifice and the specimen surface is 40 mm. The slurry test chamber is evacuated by a vacuum system (up to 28 cm Hg) to eliminate aerodynamic effects on slurry system. Natural silica sand, sieved to a nominal size range of 250 -355 µm was used as an erodent. A scanning electron microscope (SEM) photograph of typical sand particles is shown in Figure 3 . These particles were characterized using an image analysis method in terms of the aspect ratio (W/L) and roundness factor(P 2 /4πA), where W is the particle width, L is the particle length, A is the projected area of the particle, and P is its perimeter. The statistical values of the particle parameters are given in Table 3 . Since the properties of solid particles are of great importance, a single source of erodent particles was used throughout the experiments. Also, fresh particles were used in each test to avoid any degradation of impacting particles during erosion tests. In these series of tests, the particles concentration was held at 1 wt% and the impact velocity of slurry stream was 15 m/s.
The difference between the apparatus used in the current study-slurry whirling arm rig -and the other apparatus used in this field is the absence of dependence on time in the present apparatus regarding the comparison among the different impact angles. As shown in Figure 2 , the amount of particles which impact the surface of specimen differs from angle to another.
It is important to emphasize that, comparing the effect of different impact angles on the erosion rate at the same test-time will give misleading results. This is due to the fact that, at the same test-time the amounts of particles which impact the surface of the specimen differ at different impact angles. Therefore, the comparison will be performed through subjecting the specimens at all the impact angles to the same amount of particles. In this case, the test time will be different from angle to another. Therefore the erosion rate is defined as that corresponding with the mass loss from a specimen subjected to impact by an assumed fixed mass of slurry particles. The amount of particles which impact the surface of specimen as a function of the impact angle is derived from the geometry of the impacting process, as shown in Figure 2 [13] . Effect of impact angle on slurry erosion behaviour … So, the mass of particles striking each specimen per one revolution is given by;
Where, θo: the angle between the surface plane of the specimen and the horizontal plane [13] . Two types of erosion tests were carried out, namely: long and short tests. The long tests mean that the specimens were exposed for large quantities of solid particles and in the short tests the specimens were exposed for smaller amount of solid particles. Long tests were carried out to study the effect of impact angles on the erosion rate. Short tests were carried out to study the mechanism of metal removal of carburized steel specimens due to slurry erosion. At each impact angle a series of successive tests were carried out. In each test a little mass of erodent of about 1.3 g was allowed to impact the specimen. After each test, isolated individual impact events were examined. In order to clarify the metal removal mechanism the subsequent impact events at successive stages were also studied. The features of eroded surfaces were examined by scanning electron microscope (SEM) JEOL JSME 5400
Results and discussion
Microstructure
SEM micro photo graphs of the microstructure of carburized steel specimens at 6 and 12 h are shown in Figure 4 . From these photos the treated layer can be easily distinguished from the core material. As can be seen in the Figure 4 , the carburized case depths are approximately 0.65 and 0.95 mm for 6 and 12 h treated material, respectively. It can also be observed that microstructure near the surface is martensitic with small amount of retained austenite for treatment time of 6 h (Figure4 (a) ). For the treated specimen for 12 h, microstructure near the surface is almost completely martensitic due to the high carbon content and again small amount of retained austenite can be seen as well, Figure 4 (b) .
The core microstructures of carburized steels are determined by the low carbon content and base hardenability of the carburized steel. Depending on quenching rate the low-carbon core may transform to ferrite with small of amount of pearlite or the core may transform to martensite. Due to the direct quenching to the room temperature, the core was transformed to martensite, in present work. Low-carbon martensite has higher strength and fracture resistance or toughness than do ferrite-pearlite microstructures. This increased strength is necessary to prevent subsurface crack initiation, sometimes referred to as case crushing. Tempering is the final heat treatment step, which increases toughness slightly and relieves some residual stresses, but case hardness is largely preserved. The major change of the microstructure is the precipitation of transition carbide from the martensite supersaturated with carbon by quenching. This carbide precipitates in rows of very fine particles, about 2 nm in size, within the martensite plates. These microstructural changes are too fine to be resolved in the light microscope, but are reflected by an increased tendency of the martensite plates to appear black [16] . Figure 5 is a SEM micrograph showing the typical martensite -austenite microstructure formed close to the surface of carburized steels. The high-carbon martensite (appears dark in the photo) is formed by diffusion-less and shear transformation of the austenite. The white areas of Figure 5 are regions of austenite that have not transformed. This austenite is referred to as retained austenite and is present because of the high stability of high carbon austenite. Retained austenite plays a significant role in the fatigue of carburized steels [16] . [17] [18] [19] [20] . For ductile materials, impact at low impact angles will increase material removal by microcutting because of the oblique shear force [12, 21] , thus increasing the mass loss. At high impact angles, the resolved normal stress will produce the accumulated damage mainly from fatigue [22] , microforging, and extrusion processes [23] . These processes can only produce slighter erosion damage than that caused by cutting removal at low impact angles. Hence, there appears a maximum mass loss at around 45•. These features will be highlighted in the next section. As shown in Figs. 7 and 8(a, and b) , the carburized specimens show less erosion rates. Furthermore, the erosion rate of the carburized specimens decreases with increasing carburizing holding time: i.e., the mass loss decreases with increase of the case depth and surface hardness. This improvement is effective even at high impact angles because increasing surface hardness after carburizing is not accompanied by loss in ductility of the material substrate [24] . . To throw more light on the effect of carburizing on the enhancement of erosion resistance, the mass losses of treated and untreated specimens versus the mass of erodent at each impact angle are presented in Figure9(a -d) . From these Figures, it is observed that the mass loss as function of mass of erodent for untreated specimen is always more than treated one at all impact angles. This difference in the mass loss between untreated and treated material generally decreases with the increase of the impact angle. For mass of erodent 274 g, the difference in the mass loss between the carburized for 6h and untreated materials is 4.2, 3.8, 2.9, and 0.8 mg at an impact angle of 30º, 45º, 60º and 90º, respectively. Therefore, the erosion resistance of AISI 5117 steel increases by 70, 57, 60 and 36 % at an impact angle of 30º, 45º, 60º, and 90º, respectively as result of carburizing for 6 h. As result of carburizing for 12 h the erosion resistance of AISI 5117 steel increases by 74, 63, 67, and 49% at an impact angle of 30º, 45º, 60º, and 90º, respectively. Based upon these results, it can be concluded that the carburizing process enhances the erosion resistance of AISI 5117 steel. The enhancement of carburized material is maximum at small impact angles (30 o ) and decreases almost continuously with the increase of the angle down to a minimum at 90 o at the test conditions used in the experiments. The reason behind the high erosion resistance of the carburized specimens compared to the untreated ones can be attributed by the increase in hardness and the change of the microstructure of the former, as will be illustrated in the next section. The higher microhardness can effectively block the interaction and propagation of cracks in the carburizing layer. The fine carbides participated in rows, due to the tempering of carburizing specimens, is tough enough to survive the particle impact; hence, they show minimum slurry erosion compared with the untreated specimens.
Slurry Erosion behaviour
Therefore, in hydraulic equipment made of low carbon alloy steel it is recommended to carry out carburizing to surfaces subjected to slurry erosion especially 
Aspects of eroded surfaces
The morphologies of the eroded surfaces of the untreated and treated specimens at different impact angles and mass of erodent of 3.9 g are shown in Figure10 (a and b) Due to the low hardness, the surface of the untreated specimens are severely deformed during the erosion test for all impact angles, but in the same time the degree of erosion differs with impact angle as shown in Figure10(a). It can be seen from Figure 10 (a and b) that the erosion tracks developed on the untreated specimens are the wider and deeper than that formed on the carburized specimens. Furthermore, the erosion tracks of the carburized specimens are shallower and more superficial Figure10(b). The wear test results, shown from this figure and that presented in Figs. 7-9 , revealed that on carburization, wear resistance of carbon steel improved greatly over that in the untreated state. These changes in wear properties of steel are being primarily controlled by alteration in its carbon content, hardness and microstructure [25] . For treated and untreated specimens, the erosion tracks are formed by ploughing and microcutting for acute angles and by material extrusion for normal impact angle. 
Tracking the removal process
To give practical and visible evidence of how the damage to be developed with subsequent impacts, systematic microphotographs for four successive stages were taken. The amount of erodent which impacts the specimen was 1.3 g for each stage at impact angles of 30º, 45º, 60º and 90º.The results are presented in Figs.11 and 12 . The white areas in these microphotographs represent the impact sites. The inclined vertical lines shown in these photos are the traces of polishing lines. These photos illustrate that the shape of impact sites depend upon the angle of impact. This accentuates the previous findings about the change of erosion mechanism with impact angle. Some of the impact sites are formed with directionality. This directionality is in the direction of slurry stream at small impact angles θ= 30º and 45º; but for angles larger than 45º this directionality shows some deviation from the slurry stream direction. This can be referred to impacting particle dynamics [12, 13] . At any given stage and angle in Figure 11 , it is easy to see that the impact sites have different sizes. Some of these sites appear to be shallow and the others are relatively deep. This can be explained in the light of the effect of particle size range, particle trajectory and material structure. The particles have the size range of 250-355 µm, so the kinetic energy will be differed by about 27% from small to large size range. The particle-wall collisions, which influence particle motion [26] will lead to the change in the actual impact angle and impact velocity from the nominal values. The examination of slurry erosion behavior of subsequent stages shown in Figs. 11 and 12 reveals that the particle impact processes include the following events; forming new impact sites, impacting former sites and impacting the surface but without noticeable effect. The new impact sites that are formed in the subsequent stages, after stage no. 1, are encircled as shown in Figs. 11 and 12. The number of impact sites versus the mass of erodent is not carried for carburized material, but it is measured for untreated material [27] . It was found that the number of impact sites is more in low impact angle compared with high impact angle. This may be explained in the light of particle rebound effect. The coefficient of restitution decreases with the increase of impact angle [26] . When new particles impact former impact sites, the chips and the extruded materials formed at low and high impact angle, respectively, in the impact sites will be detached. Under subsequent impacts for these sites, it was observed that in some of the impact sites craters were formed and the others disappeared. For particles that have a small kinetic energy and are not able to create visual effects on the surface, this does not mean that these particles have no role in the process of erosion, but they lead to the surface hardening. 
